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論文内容要約 
The use of small multirotor unmanned aerial vehicles (UAVs) has increased in the last decade. UAVs are used for functions such as 
disaster site exploration, package transportation to remote areas, and topological surveys. The capabilities of hovering, vertical takeoff, 
and landing are suitable for such operations. Therefore, development of a small multirotor UAV increased a demand of UAV 
applications in civilian life. However, UAVs are unstable when facing wind gusts, and their flight outdoors cannot be conducted in 
strong wind conditions. In addition, the payload capability and endurance of UAVs are not sufficient for the requirements of the 
operations listed above. Based on the above reasons, improvements in UAV performance are strongly required.  
This study focuses on improving the rotor performance of multirotor UAVs from the point of view of aerodynamics. With 
regard to the aerodynamics of small rotors of multirotor UAVs, the rotor performance decreases owing to a decrease in the Reynolds 
number for Reynolds numbers under 100,000. The size of the multirotor is minimized as smaller electronic devices are developed. 
Consequently, rotor diameters of some recent small multirotor UAVs are less than 20 mm. Their rotor Reynolds numbers can be less 
than 10,000. A decrease in the Reynolds number increases the viscosity effect on the rotor, and rotor performance deteriorates.  
 However, an examination of the rotor performance change at a low Reynolds number is not sufficient for designing small rotors. In 
addition, rotor flow interaction effects on rotor performance are unclear because rotor performance analyses focus mainly on isolated 
rotors of helicopters, without the flow interaction between rotors. In consideration of multirotor configurations, an evaluation of the 
effects on rotor performance is required because rotors are placed closely on the UAV body and can cause flow interaction.  
Therefore, the effect of a decrease in the Reynolds number on rotor performance was examined. Furthermore, an experimental 
analysis of the flow interaction between rotors was conducted. These evaluations are important for the engineering design of 
multirotors. In addition, to improve rotor performance, the use of a shrouded rotor was proposed. Although a shrouded rotor can 
improve rotor performance during hovering, increases in the drag and pitching moment around the rotor in forward flight are expected. 
Such increases in the drag and pitching moment lead to a loss of maneuverability and posture stability in the forward flight of UAVs. 
Consequently, the use of a shroud may deteriorate the performance of multirotors in forward flight. However, shrouded rotor 
performance in a uniform flow has not been investigated completely, and an experimental analysis is important for the practical use of 
shrouded rotors. According to the above background, an experimental analysis of rotor performance in small multirotor UAVs is 
important for the design of small multirotors. 
The objective of this dissertation is to experimentally examine changes in rotor performance caused by the aerodynamic effect of 1) 
Reynolds number changes at low Reynolds numbers, 2) flow interaction between rotors, and 3) adoption of a shrouded rotor in flight 
situations. This dissertation describes experimental analyses on rotor aerodynamics to clarify flow structures and to evaluate 
performance changes in rotors used for multirotor UAVs. The contents of the thesis are as follows: 
In Chapter 2, basic configurations of multirotors and technical problems related to rotors of small multirotors are summarized.  
In Chapter 3, an experimental examination of rotor performance changes caused by a decrease in the Reynolds number is 
described. First, of the 2D airfoil in related studies were reviewed briefly to understand effect of Reynolds number change to ratio of 
lift to drag in low Reynolds number. Second, a decreasing trend in the rotor performance of the NACA0012 blade rotor were 
estimated in Reynolds numbers of 20,000 to 50,000 based on the blade element momentum method. The estimation aims to confirm 
the decrease in rotor performance caused by decreased Reynolds numbers, based on experimental data of a 2D airfoil in other studies. 
Third, an experimental examination of the rotor hover performance of seven different airfoil-shaped-blade rotors in the Reynolds 
number range increment of 10,000 was conducted. The experiment clarified the decrease in rotor hover performance in a continuous 
region. Finally, it is confirmed that thinner and cambered airfoil blade rotors have high hover performance, and the adoption of a 
Gurney flap can improve the rotor performance at low Reynolds numbers.  
In Chapter 4, an experimental examination on the effect of flow interaction on the rotor in windless conditions is described. First, 
the relationship between the relative position of the rotors and the rotor thrust in hovering was experimentally evaluated. In the 
experiments, thrust of two rotors placed as bi-rotor configuration were measured, changing relative height, and distance between rotor 
axes. The experiment demonstrated overlapping of rotor disk decrease lower side rotor. On the other hand, thrust change caused by 
decreasing rotor distance between rotor axes was little compared to effect of rotors overlapping. Furthermore, configuration of 
octorotor to avoid rotor wake overlapping was proposed to save thrust loss. Experimental evaluation confirmed that avoiding rotor 
wake interference save thrust loss. Those experimental evaluation examined effect of rotor flow interference to rotor performance in 
placement of rotors on multirotor UAVs. Second, the ground effect on the thrust of a quadrotor with a changing rotor configuration 
was experimentally evaluated to examine the difference in effect of ground effect to rotor thrust between an isolated rotor and a 
quadrotor. Thrust changes of a quadrotor caused by differences in rotor interval were determined using a quadcopter model. 
Difference in trend of thrust change as approaching ground plane was confirmed between isolated rotor and quadrotor. Thrust of 
quadrotor with clearance between rotors is smaller than the thrust of isolated rotor at same height. Furthermore, a flow visualization 
using a laser light sheet clarified the structures of the flow interaction of rotors in the ground effect. Objective of the flow visualization 
is to elucidate structure of quadrotor wake and mechanism of flow interaction in the ground effect. The experimental results described 
the state of the flow interaction between the rotors. As extending rotor intervals, rising flow and circulation flow appear at the region of 
center of a quadcopter, which is vacant region between rotors. The flow structure is unique for quadcopter compared to isolated rotor. 
Trend of thrust change in ground effect correspond to development of the circulation flow. Consequently, the effect of the interaction 
on rotor performance in a hovering condition caused by development of circulation flow was deduced.  
In Chapter 5, an experimental analysis of the flow structures around rotors, and the effect of flow interaction on rotor 
performance in forward flight of the quadrotor, are described. Flow interaction between rotors can generate a pitching moment on a 
quadrotor in forward flight and deteriorate flight performance. Therefore, an examination of thrust changes and the effect of flow 
interaction on pitching moment generation was performed in different conditions using a wind tunnel. First, flow structures around a 
quadrotor were visualized in a wind tunnel using smoke and a light sheet to elucidate stream limes in horizontal flight of the 
quadcopter. Results of smoke visualizations clarified state of rotor interactions between front and rear rotors along free stream 
direction. Second, an evaluation of the effect of the rotor flow interaction was conducted using two rotors in the wind tunnel to 
determine change of rotor thrusts caused by the flow interaction when rotors are placed closely distance. In the experiment, thrust 
changes caused by rotor relative positions in vertical, lateral, and longitudinal directions were assessed. The experiment demonstrated 
that thrust of the rear side rotor degrades as closing rotor interval in longitudinal direction to flow. In contrast to thrust of the rear side 
rotor, thrust of the front side rotor is independent to rotor positions. Therefore, decrease in thrust of rear side rotor cause thrust 
deference in rotors in horizonal flight of quadrotor. Generation of pitching moment caused by the thrust deference was expected from 
the experimental results. Third, the pitching moment, thrust, and drag acting on the quadrotor in a uniform flow were examined by 
changing the quadrotor heading direction and the interval between rotors. Objective of the experiment was examination of action force 
on quadcopter in horizontal flight with rotor wake flow interaction. The results of the experiment clarified the avoidance of flow 
interaction between rotors reduces the pitching moment in forward flight. Therefore, avoiding flow interaction between rotors can 
reduce pitching moment of a quadrotor in horizontal flight. Furthermore, slanted rotor configurations to reduce the pitching moment 
and to examine the effect of pitching moment reduction were proposed. A decrease in the rotor speed difference between rotors to 
cancel the pitching moment generation in forward flight was verified in a wind tunnel test. The results of experimental examination of 
flow interaction can be applied to design multirotors considering rotors placement in effect of rotor flow interaction to rotor 
performance. Therefore, this study lead development of multirotors, which realize long endurance, can land stalely in ground effect, 
and can fly in fast wind and wind gusts. 
In Chapter 6, visualizations of flow structures around a shrouded rotor, and an examination of the pitching moment generation in 
a uniform flow, are described. Shrouded rotor is a rotor with surrounding wall to increase hover performance and protect rotor. 
Although, the use of shrouded rotor is profitable for hovering, increase of drag and pitching moment in horizontal flight by adaption of 
shroud is expected. This study was conducted to examine the effect of shroud adaption to drag and pitching moment, and to elucidate 
structure of separation flow in shrouded rotor, which was not experimentally clarified. First, a flow visualization was conducted to 
examine the occurrence of flow separation at the front inlet edge of the shroud using a laser light sheet. In the experiment, the 
relationship between the size of flow separation, and pitching angle and rotor speed was examined. Second, the flow separation was 
analyzed numerically, and steric flow structures were clarified. Third, the steric shape of the flow separation and characteristic flow 
structures were visualized experimentally using smoke. Fourth, the effect of adapting a shroud to the rotor on the pitching moment 
generation was examined by measuring the acting force in a wind tunnel test. The experiment results verified that, in a uniform flow, 
the rotor pitching moment increases by more than four times when a shroud is adopted than in an open rotor configuration. Therefore, 
adopting a shroud can significantly deteriorate the performance of multirotors in forward flight.  
In conclusion, this experimental study examined aerodynamic phenomena related to the small rotor performance of multirotors. 
Degradation rotor hover performance depending on rotor ballade airfoil caused by decrease in Reynolds number was examined 
experimentally. Furthermore, effect of flow interaction to rotor performance in hovering, and in horizontal flight were experimentally 
evaluated. In addition, characteristics of shrouded rotor in horizontal flight was examined. The knowledge based on these results 
provides insight when designing small multirotor UAVs to improve flight performance. 
